Abstract Clostridium difficile is a nosocomial pathogen whose incidence and importance are on the rise. Previous work in our laboratory characterized the central role of selenoenzyme-dependent Stickland reactions in C. difficile metabolism. In this work we have identified, using mass spectrometry, a stable complex formed upon reaction of auranofin (a gold-containing drug) with selenide in vitro. X-ray absorption spectroscopy supports the structure that we proposed on the basis of mass-spectrometric data. Auranofin potently inhibits the growth of C. difficile but does not similarly affect other clostridia that do not utilize selenoproteins to obtain energy. Moreover, auranofin inhibits the incorporation of radioisotope selenium ( 75 Se) in selenoproteins in both Escherichia coli, the prokaryotic model for selenoprotein synthesis, and C. difficile without impacting total protein synthesis. Auranofin blocks the uptake of selenium and results in the accumulation of the auranofin-selenide adduct in the culture medium. Addition of selenium in the form of selenite or L-selenocysteine to the growth medium significantly reduces the inhibitory action of auranofin on the growth of C. difficile. On the basis of these results, we propose that formation of this complex and the subsequent deficiency in available selenium for selenoprotein synthesis is the mechanism by which auranofin inhibits C. difficile growth. This study demonstrates that targeting selenium metabolism provides a new avenue for antimicrobial development against C. difficile and other selenium-dependent pathogens.
Introduction
Auranofin [2,3,4,6-tetra-o-acetyl-1-thio-b-D-glucopyranosato-S-(triethylphosphine) gold] is a Au(I) complex containing a Au-S bond stabilized by a triethylphosphine group [1] . It is used clinically to treat rheumatoid arthritis [2] . It is a potent inhibitor of the mammalian selenoenzyme thioredoxin reductase (TrxR) and it is proposed that the mechanism of action in arthritis treatment is, in part, due to its activity against this and other selenoenzymes [3, 4] . Recently, auranofin has been shown to inhibit growth of the parasite Trypanosoma brucei [5] . It has also exhibited activity against Schistosoma mansoni in a mammalian host [6] . In both reports the proposed mechanism of action was the inhibition of selenoenzymes critical for survival.
It is hypothesized that auranofin inhibits selenoenzymes
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Recently we found that auranofin blocks the incorporation of Se into selenoproteins in mammalian cells in culture [7] ; however, the mechanism of this inhibition has not yet been determined. Selenoprotein synthesis is well defined in both prokaryotic and eukaryotic systems. It should be noted, however, that transport and metabolism of Se upstream of the specific selenoprotein synthesis machinery is not well understood. In the first step of selenoprotein synthesis, the highly reactive, reduced form of Se, hydrogen selenide (HSe -), serves as the substrate for selenophosphate synthetase (SPS) [8] [9] [10] [11] [12] . SPS produces selenophosphate in an ATP-dependent manner. Selenocysteine synthase subsequently catalyzes the reaction of selenophosphate with a serine-charged transfer RNA to form selenocysteine [13, 14] . Specialized translation factors and a stem-loop structure within the messenger RNA (selenocysteine insertion sequence) then direct the insertion of selenocysteine into the polypeptide chain [15] . Given its reactivity with active site selenols, the possibility exists that auranofin could interact with reactive Se metabolites upstream of SPS, such as HSe -, thus blocking selenoprotein synthesis entirely. The role of Se and selenoproteins in human health has been studied extensively. At least 25 human selenoproteins have been identified [16] . In recent years studies have focused on the role of human selenoproteins as catalytic antioxidants and the impact of Se supplementation on cancer incidence. In addition to humans, several pathogens, including, but not limited to, Clostridium difficile, Treponema denticola, and Plasmodium falciparum, also produce selenoproteins [17] [18] [19] . The importance of these selenoproteins and how they impact pathogenesis has yet to be fully elucidated. These unique enzymes and their specialized assembly machinery present an intriguing target for antimicrobial development.
Clostridium difficile is a Gram-positive, anaerobic, spore-forming bacillus that has emerged as a significant nosocomial pathogen. Pathogenesis is mediated by two large clostridial cytotoxins, toxins A and B, and symptoms typically range from mild to severe diarrhea. In more severe infections, patients develop pseudomembranous colitis [20] . C. difficile associated diarrhea contributes an estimated $1 billion in excess health care costs annually [21] . Recently the emergence of an epidemic strain (NAP1/ O27) that exhibits increased virulence and has resulted in increasing mortality rates in the USA has been of particular concern [22, 23] . In addition, isolates of this strain have exhibited a wide array of antibiotic resistance [22, 24] . Analysis of data collected before and after the emergence of NAP1/O27 indicated a reduction in the effectiveness of vancomycin over metronidazole in treating C. difficile infection [25] . A recent update of the literature regarding this epidemic has suggested that C. difficile now rivals methicillin-resistant Staphylococcus aureus (MRSA) as a significant clinical pathogen [26] . Given the increased incidence in the clinic and emerging resistant strains, new approaches to target this pathogen are certainly justified.
In this report we demonstrate that auranofin reacts with HSe -to form a stable complex. Subsequently, we show that auranofin blocks Se utilization by both Escherichia coli, a model organism for prokaryotic selenoprotein synthesis, and C. difficile, a significant human pathogen. In addition, auranofin exhibits antimicrobial activity against C. difficile. We propose that the molecular mechanism of this growth inhibition is the formation of the complex with HSe -which prevents uptake and nutritional utilization of Se by C. difficile.
Materials and methods

Reaction of HSe
-with auranofin HSe -was synthesized by reaction of elemental Se with sodium borohydride as previously described [27] . For experiments examining the oxidation of HSe -to elemental Se, equal volumes (50 lL) of different concentrations of auranofin (in dimethyl sulfoxide, DMSO) and HSe -were added to the wells of a 96-well plate, mixed thoroughly by pipetting, and incubated for 30 min under anaerobic conditions. The reaction mixtures were then exposed to ambient atmospheric conditions for 30 min followed by visual examination. Under these conditions HSe -oxidizes to Se 0 and forms a red precipitate. Similarly, equal volumes of different concentrations of auranofin and HSe -were reacted anaerobically before analysis by mass spectrometry or high-performance liquid chromatography (HPLC).
HPLC-mass spectrometry data were collected using an Agilent 1100 HPLC instrument and an Agilent 1969A time-of-flight mass spectrometer. The capillary voltage was 5,000 V, and the fragmentor voltage was 100 V. The nitrogen gas temperature was 300°C. The range scanned was from 145 to 2,000 amu at 10,000 transients per scan in positive ion mode. The HPLC column was a Vydac C 18 (218TP5105) with flow at 20 lL/min and temperature held at 30°C. Solvent A was 0.05% trifluoroacetic acid (TFA) and solvent B was 0.05% TFA in acetonitrile. The gradient ran from 0 to 95% solvent B at 2% per min. The 0.05% TFA is added to the HPLC solvents to improve chromatographic separation and to increase the solubility of eluted compounds in acetonitrile [28] . However, TFA can severely suppress ionization of proteins, so 20 lL/min neat acetic acid is mixed in a tee placed between the HPLC UV detector and the electrospray needle. The resulting 50% acetic acid displaces TFA from the protein [29] . Some spectra were obtained by direct injection of the sample into the mass spectrometer, without HPLC separation, as shown in Fig. 2 . The mass of the auranofin-selenide adduct was the same whether it was identified by direct injection or after separation by liquid chromatography.
HPLC analysis (UV-vis detection) was performed using a Hewlett-Packard 1050 system (diode-array detection). Twenty-microliter samples were loaded onto a C 18 column at a flow rate of 0.5 mL/min. The starting solvent (used for injection) was 0.05% TFA in H 2 O. A linear gradient (50 min) was developed to 100% acetonitrile, 0.05% TFA. Compounds being eluted were monitored spectrophotometrically at 254 nm.
X-ray absorption spectroscopy
We used Se K edge and Au L 3 edge X-ray absorption spectroscopy (XAS) to characterize the major product of reaction of HSe -with auranofin. The samples were prepared as described earlier, resulting in solutions containing either 3.0 mM auranofin ? 2.0 mM HSe -in 60% DMSO (used for Se XAS) or 2.0 mM auranofin ? 3.0 mM HSe -in 40% DMSO (used for Au XAS). As controls, we also measured Au XAS of a solution of 2.5 mM auranofin in 50% DMSO and Se XAS of a solution of 2.5 mM HSe -in 50% DMSO. Each sample was loaded into one 8-lL well of a polycarbonate cuvette with an X-ray-transparent Kapton window on one side and was quickly frozen in LN 2 for shipment on dry ice. XAS data collection was performed on beam line 9-3 of the Stanford Synchrotron Radiation Lightsource with the SPEAR3 ring operating at 3.0 GeV and 85-100 mA. Beam line mirrors were configured for a nominal 15-keV cutoff for harmonic rejection and the focused beam passed through the LN 2 -cooled double-crystal monochromator using Si[220] crystals at full tuning. The monochromatic X-ray beam was apertured to 1 mm 9 1 mm to illuminate the sample in each well of a five-well cuvette suspended in an Oxford continuous-flow liquid helium cryostat; all data were collected with the sample maintained at 10 K. Fluorescence excitation data were collected using a Canberra 30-element intrinsic Ge solid-state detector, using Soller slits and fluorescence filters consisting of six absorption lengths of As (for Se K edge XAS) or of Ga (for Au L 3 edge XAS). Three 22-min spectra were collected for each sample and the averaged data were used for analysis. The intensity of residual X-rays that penetrated the sample was used to collect transmission data on an elemental standard (either Au foil or powdered elemental Se) positioned between two ionization chamber detectors downstream of the sample cryostat. We also collected Au L 3 XAS data by transmission on three structurally characterized (''model'') complexes presented as finely ground powders diluted with BN in the same liquid He cryostat: KAuBr 4 [30, 31] , KAuCl 4 [32] and Na 3 Au(S 2 O 3 ) 2 [33, 34] . These were used to learn about scattering characteristics of Au-Br (similar to Au-Se), Au-Cl, and Au-S (the latter also similar to Au-P). Data reduction was accomplished by standard techniques using the EXAFSPAK program suite (http://ssrl. slac.stanford.edu/exafspak.html). Energy calibration using the internal standard spectra relied on assuming the first inflection point of the L 3 edge of Au foil and the K edge of elemental Se occur at 11,920.0 and 12,658.0 eV, respectively. Pre-edge subtraction used a Gaussian model and fit the data through 11,885 eV for Au L 3 edge data and through 12,620 eV for Se K edge data. Extended X-ray absorption fine structure (EXAFS) data were extracted using a third-order three-region spline function with spline points of 11, 930, 12, 190, 12, 450 , and 12,710 eV for Au L 3 edge data and 12,665, 12,928, 13,191, and 13,454 eV for Se K edge data. E 0 (k = 0) values were assumed to be 11,930 and 12,665 eV, respectively. EXAFS data of model compounds were analyzed by constructing a molecular model of the known structures, using the software package feff version 7 [35] to calculate multiple-scattering paths, then importing these into the OPT program of EXAF-SPAK. OPT was used to optimize DE 0 as well as to finetune the values of other parameters, including first-shell distances (R as ) and Debye-Waller factors ðr 2 as Þ. The amplitude-reduction factor ðS 2 0 Þ was fixed at 0.9 in all fits. In all cases, optimized distances were within ±0.02 Å of crystallographic distances, if they were available. DebyeWaller factors from the fits of Au model compounds were used to judge the validity of coordination numbers resulting from fits of Au L 3 EXAFS of auranofin-containing samples, which were carried out in a similar fashion, starting with a hypothetical structure. Se K EXAFS data were analyzed using the same molecular models, again using feff version 7 to generate multiple-scattering paths for Se as an absorber.
Growth of E. coli
Wild-type E. coli (MC4100) and a selenoprotein-deficient strain (WL400, DselD) were cultured in modified Luria broth (10 g/L tryptone, 5 g/L torula yeast extract, 5 g/L NaCl, 1% dextrose) at 37°C in a Coy anaerobic chamber. A 1% inoculum of an overnight culture was used in each experiment. Optical density measurements were taken 24 h after inoculation and hydrogen production was assessed by Durham tubes and/or bubbling of cultures upon vigorous shaking. For experiments utilizing E. coli, auranofin was dissolved in ethanol rather than DMSO because the latter inhibits gas production in this organism.
Growth of C. difficile, C. perfringens, and C. tetani Four strains of C. difficile were used in this study, ATCC 9689, VPI 10463, NAP1/O27, and strain 630. C. difficile 630 was kindly provided by Peter Mullany (Eastman Dental Institute, London, UK), and NAPI/027 was provided by Michel Warny (Acambis, Cambridge, MA, USA). Two pathogenic clostridia that do not produce selenoproteins, C. perfringens (ATCC 19406) and C. tetani (ATCC 10543), were used as experimental controls. Cultures were grown in brain-heart infusion (BHI; Oxoid) supplemented with 0.5 g/L L-cysteine to prereduce the culture media. All cultures were grown at 37°C in a Coy Laboratories anaerobic chamber under an atmosphere of 98% nitrogen, 2% hydrogen. A 1% inoculum of an overnight culture was used in each experiment. Auranofin (Alexis Biochemicals, San Diego, CA, USA) was diluted in DMSO before addition to the culture media. Equal volumes of the resulting auranofin dilutions, or DMSO as a vehicle control, were added to each culture. To examine the role of Se metabolism in the toxicity of auranofin, the growth medium was supplemented with Se (sodium selenite or L-selenocysteine) as indicated. Optical density measurements of cultures at 600 nm were determined using a Spectramax multiwell plate reader (Molecular Devices, Sunnyvale, CA, USA) from 200 lL of culture after 24 h of growth in each experiment. 75 Se incorporation into selenoproteins One-milliliter cultures of E. coli (MC4100) were prepared in modified Luria both as described already in the presence of increasing concentrations of auranofin (5, 10, and 50 lM). For the identification of selenoproteins, 6 lCi of 75 Se (University of Missouri, Columbia, USA), in the form of sodium selenite (100 nM), was added to each culture. To examine total protein synthesis, 20 lCi of 35 S (methionine/ cysteine mixture) was added to replicate cultures. After 24 h of growth under anaerobic conditions, cells were harvested by centrifugation for 5 min at 5,000g and resuspended in lysis buffer [25 mM tris(hydroxymethyl)aminomethane, pH 8.8, 1 mM dithiothreitol, 0.5 mM EDTA, 0.1 mM benzamidine]. Cells were lysed by sonication using a sonic dismembranator (model 100, Fisher Scientific) for 10 s at a power output of 12 W, and the resultant crude cell extracts were clarified by centrifugation at 13,500g for 10 min. Protein concentration was determined by the Bradford assay using bovine serum albumin (Pierce) as a standard [36] . Selenoproteins and total protein synthesis were analyzed by separating 25 lg of cell extracts using a 12% sodium dodecyl sulfate polyacrylamide gel, and radioisotopelabeled proteins were detected by PhosphorImager analysis (Molecular Dynamics).
The impact of auranofin on selenoprotein synthesis in C. difficile (NAP1/O27) was determined in 1 mL midlogarithmic-phase cultures. A 20% inoculum of an overnight culture was used in each experiment. C. difficile was cultivated in BHI ? cysteine for 4 h before addition of auranofin and 6 lCi of 75 Se in the form of sodium selenite (100 nM) or 20 lCi of 35 S (methionine/cysteine mixture). The cultures were incubated for an additional 4 h before harvesting. Cell extracts were prepared and analyzed as described for E. coli.
Se uptake studies
The impact of auranofin on selenite uptake in E. coli and C. difficile (NAP1/O27) was determined in 1 mL midlogarithmic-phase cultures. A 20% inoculum of an overnight culture was used in each experiment. Both organisms were cultivated in BHI ? cysteine for 2 h before the addition of chloramphenicol (30 lg/mL) to inhibit protein synthesis during uptake analysis in response to drug treatment. Various concentrations of auranofin (0-10 lM) were added to the cultures immediately followed by 4 lCi of 75 Se in the form of sodium selenite (2 nM Se). Cultures were incubated for 20 min at 37°C. Cells were harvested by centrifugation (1 min at 16,200g) . Culture media supernatants were placed on ice for further analysis by HPLC. Cells were washed once in 500 lL phosphate-buffered saline and harvested by centrifugation (1 min at 16,200g ). The supernatant was discarded and the cells were resuspended in 500 lL phosphate-buffered saline before the total uptake of 75 Se was measured using a model 1470 gamma counter (PerkinElmer, Wellesley, ME, USA).
HPLC analysis of
75 Se in C. difficile growth media Twenty-microliter samples of reserved growth medium from the 75 Se uptake study were separated by HPLC as described earlier for the mixtures of auranofin and selenide. Fractions were collected every minute and the distribution of 75 Se (counts per minute) was measured using a gamma counter (PerkinElmer).
Results
Auranofin reacts with HSe
-to form an adduct HSe -is highly reactive and exquisitely sensitive to oxidation under aerobic conditions. When it is exposed to oxygen it is rapidly oxidized to elemental Se, forming a red precipitate. We took advantage of this simple oxidation reaction to determine if HSe -interacts directly with auranofin. Reaction mixtures of HSe -and auranofin were prepared anaerobically and were subsequently exposed to ambient conditions. HSe -alone formed the expected red precipitate; however, reaction with auranofin protected it from oxidation to elemental Se, suggesting the formation of an oxygen-resistant complex (data not shown).
To isolate and identify this apparently stable complex, mixtures of auranofin and selenide were separated by HPLC using reverse-phase chromatography. Auranofin alone is eluted as a single peak (denoted as peak 1 in Fig. 1 ). When HSe -is added to auranofin, this results in the disappearance of peak 1 and coincides with the appearance of an earlier Se-dependent peak (peak 2; Fig. 1 ). Similar reaction mixtures containing sodium selenite or selenocysteine did not alter the elution profile of auranofin, indicating that these forms of Se are not reactive (data not shown). Reaction of auranofin with 75 Se-labeled selenide (formed by reaction of 75 Se-labeled selenite with dithiothreitol) confirmed that the earlier peak (peak 2) contained Se (data not shown). Mass spectrometry revealed that the major product of an equimolar reaction of auranofin and HSe -exhibits a Se isotope signature and has a mass of 1,025.10 amu (Fig. 2) . On the basis of the mass obtained, we hypothesize that HSe -displaces the sulfur atoms in auranofin (Fig. 3a) to form a stable complex (Fig. 3b) .
Characterization of Au-Se adduct using XAS We used both the Au L 3 edge and the Au L 3 and Se K EXAFS of the product of this reaction to evaluate the hypothesized molecular structure of this compound, referred to as the auranofin-selenide adduct (Fig. 3b) . We prepared and analyzed two reaction mixtures with either HSe -or auranofin in substoichiometric amounts to ensure that all the Se or Au, respectively, was in a single species (the auranofin-selenide adduct). Figure 4 compares the Au L 3 edge spectra of this adduct with that of the auranofin reactant and three structurally characterized compounds, two containing Au(III) (KAuBr 4 , KAuCl 4 ) and one containing Au(I) [Na 3 Au(S 2 O 3 ) 2 ]. The electronic environment of Au dominates these edges and the auranofin-selenide adduct has an electronic environment similar to that of the parent auranofin, containing predominantly Au(I). Au L 3 EXAFS provides information about the local structural environment around the Au, including precise metric details, and Table 1 summarizes the detailed curve-fitting-optimization results for the auranofin-selenide adduct, compared with structural models and with the parent auranofin (Fig. 3a) . We were also able to investigate local structural details around the Se in the adduct using Se K EXAFS; these results are also summarized in Table 1 . A graphical depiction of the observed EXAFS and Fourier transform data compared with the best-fit simulations is provided in Fig. 5 (auranofin-selenide adduct) and Figs. S1 and S2 (model compounds, auranofin).
Au L 3 EXAFS analysis of the structure of the auranofin-selenide adduct depended on scattering parameter values obtained from the parent auranofin and model compound data. Fit 4 of Table 1 describes a multiplescattering feff fit to a model of the Au environment of auranofin that assumes two identical P ligands [P and S have very similar EXAFS scattering characteristics and display nearly identical Au-(P,S) distances of 2.28 Å in . This model provides an excellent fit (Fig. S2, bottom) , even reproducing the minor Fourier transform peak at 4.3 Å [associated with the P-Au-(P,S) angle of 180°] and defines the auranofin Au-P interaction that we assumed was present in the Au EXAFS of the auranofin-selenide adduct (Table 1 , fit 5) as hypothesized in the structure shown in Fig. 3b . The Au EXAFS data for the adduct require the presence of another first-shell ligand and an excellent fit results (fit 5 of Table 1 , Fig. 5 ) by assuming this is a single Se bound 180°from the P at a Au-Se distance of 2.40 Å . The Au-Se coordination number is validated by the value of r 2 as ; which is nearly identical to that for the Au-Br scattering in KAuBr 4 (Table 1, fit 1); Au-Se and Au-Br scattering are expected to be nearly indistinguishable.
Se EXAFS of the auranofin-selenide adduct was used to provide an alternative view of local structure, this time around the Se atom. Fit 6 of Table 1 (and Fig. 5) shows that the hypothesized Se environment of the adduct, containing three Au-PEt 3 auranofin fragments as required by the molecular weight determined by mass spectrometry, provides a very good fit to the Se EXAFS, although the higher values for the r 2 as parameters may suggest some disorder in Se-Au distances and more disorder in the outershell phosphine environments. The resulting Se-Au distance is within 0.02 Å of the Au-Se distance determined from Au EXAFS. Generally speaking, the results from the Au L 3 and Se K EXAFS analyses show that these data are fully consistent with the hypothesized structure of the auranofin-selenide adduct shown in Fig. 3b and provide Fig. 2 Mass spectrometry reveals major reaction products of auranofin and HSe -. The predominant product from direct injection of an equimolar reaction of auranofin and HSe -has a mass of 1,025.10 amu and exhibits a Se isotope signature [51] . The inset shows all of the products obtained across the entire spectrum. The predominant compound was also obtained after liquid chromatography as described in ''Materials and methods,'' and its mass was confirmed (data not shown) Fig. 3 Structure of auranofin (a) and the putative structure of the stable product formed upon reaction of auranofin and selenide (b), based on mass spectrometry 
Auranofin impacts the growth of anaerobically grown E. coli
Given that auranofin reacts with HSe -in vitro, we next examined whether formation of this adduct impacts microbial growth in culture. Although E. coli does not require Se under normal laboratory conditions, selenoproteins play an important role in mixed-acid fermentation during anaerobic growth. The most predominant selenoprotein in anaerobically grown E. coli is formate dehydrogenase (FDH H ). FDH H production is required for activity of the formate hydrogen lyase complex and the production of hydrogen gas [37] . Thus, E. coli can be used to study dynamically the impact of auranofin on prokaryotic selenoprotein synthesis.
We tested the effect of auranofin on growth and gas production in wild-type E. coli (MC4100). Auranofin reduced the growth yield of MC4100 at 24 h when present at concentrations of 25 and 50 lM (Fig. S3) . The growth inhibition observed under these conditions was similar to that seen with the deletion of selD and may be attributed to buildup of formic acid in the growth medium. In addition, growth of the isogenic selD deletion mutant (WL400) was not affected by auranofin. Further, gas production was significantly reduced in MC4100 cultures containing 10 and 20 lM auranofin (as assessed by Durham tubes) and was completely absent in those grown with 50 lM auranofin (data not shown). The effect of auranofin on MC4100 could be due to interruption of selenoprotein synthesis, or possibly due to direct inhibition of FDH H .
Auranofin inhibits growth of C. difficile
Recent work in our laboratory demonstrated the central role of Stickland reactions in the growth of C. difficile [17] . Stickland reactions are described as the coupled fermentation of amino acids in which one, the Stickland donor, is oxidized and the other, the Stickland acceptor, is reduced [38, 39] . Glycine reduction results in production of acetyl phosphate, and thus ATP synthesis via substrate-level phosphorylation [40, 41] . Reduction of proline has been tied to membrane gradients [42] . The enzymes that catalyze these reactions in C. difficile are glycine reductase and D-proline reductase, respectively. Both are selenoproteins [17, 43] .
On the basis of the knowledge that C. difficile utilizes Stickland reactions for energy metabolism and the enzymes that catalyze these reactions are selenoproteins, we decided to determine the impact of auranofin on the growth of the organism. To determine the antimicrobial activity of auranofin, it was tested against four strains of C. difficile. As with E. coli, various concentrations of auranofin (0.25-2 lM) were added to rich culture medium (BHI) before inoculation. The turbidity of C. difficile cultures was measured spectrophotometrically (at 600 nm) following 24 h of anaerobic growth. Growth of C. difficile is potently inhibited by auranofin and this growth inhibition is consistent among all four strains (Fig. 6) . At 2 lM auranofin, no appreciable growth was observed. A sharp decrease in growth occurred between 750 nM and 1 lM auranofin in 
Numbers in square brackets were constrained either to be a multiple of the value in the row above ðr 2 as Þ or to maintain a constant difference from the value in the row above (R as , DE 0 ). In fit 5, square brackets for Au-P indicate that this value was fixed to the value obtained in fit 4 J Biol Inorg Chem (2009) 14:507-519 513 all strains tested. The estimated IC 50 values are as follows: NAP1/O27, 775 nM; VPI 10463, 1,000 nM; 630, 800 nM; ATCC 9689, 750 nM. Thus, all strains were significantly inhibited by concentrations of auranofin in the high nanomolar range. To ensure that vegetative growth rather than spore germination was examined, a 1% inoculum of midexponential-phase cells was used in these experiments.
Moreover we followed the inhibition of growth of one strain for the entire batch growth period and found concentration-dependent inhibition of growth at each time point (Fig. S4) .
Clostridium tetani and C. perfringens are human pathogens that are classified with C. difficile in a group of organisms known as the toxigenic clostridia. We therefore tested the growth of these organisms in the presence of auranofin to determine the relative specificity within this class. No significant inhibition of growth was observed at concentrations of auranofin up to 10 lM for C. tetani or C. perfringens (Fig. S5) . A similar pattern of sensitivity of C. difficile relative to other toxigenic species was observed in cultures grown in reinforced clostridial medium (data not shown). On the basis of genomic DNA sequence, neither C. tetani nor C. perfringens carries genes encoding glycine or D-proline reductase. There is also no evidence presented in the literature that these strains can catalyze Stickland reactions. In addition, neither strain carries genes encoding the components needed for selenoprotein synthesis (selA, selB, selC, or selD) [44] . We experimentally confirmed that no specific selenoproteins were expressed in C. perfringens using 75 Se radiolabeling (data not shown). The inhibitory action of auranofin in C. difficile can be attributed to the organism's reliance upon Se and selenoproteins for growth.
Auranofin inhibits selenoprotein synthesis in an E. coli model and C. difficile Previous work in our laboratory has demonstrated that auranofin prevents the incorporation of Se into selenoproteins in mammalian cells. To determine the impact of auranofin on overall selenoprotein synthesis in E. coli, we cultivated MC4100 in the presence of several concentrations of auranofin with the addition of radiolabeled Se ( 75 Se) in the form of selenite. Cell extracts were prepared after 24 h of anaerobic growth. The results clearly demonstrate a concentration-dependent decrease of Se incorporation into FDH H (Fig. 7a) . Total protein synthesis was not impaired by auranofin as indicated by 35 S labeling (Fig. 7b) . Because auranofin potently inhibits the growth of C. difficile we treated exponentially growing cells with several concentrations of auranofin plus 75 Se and prepared cell extracts after 4 h of anaerobic growth. We have previously used these same techniques to describe the presence of and expression of both glycine and D-proline reductase in C. difficile [17] . This allowed us to examine if auranofin also interferes with the incorporation of Se into selenoproteins in this organism. As was the case with E. coli, a clear decrease in selenoprotein synthesis was observed (Fig. 7c) , but there was no impact on total protein synthesis (Fig. 7c) . A slight increase in the selenoprotein component of D-proline reductase (Fig. 7c) is also observed. The cause for this increase is not yet known. Nonetheless, these results clearly demonstrate that auranofin prevents selenoprotein synthesis in both organisms. 5 Curve-fitting analysis of Au L 3 (top) and Se K (bottom) extended X-ray absorption fine structure (EXAFS) data for the product of the reaction of auranofin with HSe -. Thin black lines represent the observed data (Fourier transforms, FT, in full frames, EXAFS in insets) and bold red lines represent the best-fit simulation using feff version 7 calculations based on molecular models derived from the hypothesized structure in Fig. 3b . The model used for Au EXAFS consisted of a P-Au-Se fragment with a P-Au-Se angle of 180°; the simulation was generated by the parameters summarized in fit 5 of Table 1 . The model used for Se EXAFS consisted of a Se surrounded by three Au-P fragments with Au directly bonded to Se, Se-Au-P angles of 180°, and Au-Se-Au angles of 120°; the simulation was generated by the parameters summarized in fit 6 of Table 1 . FTs were k 3 -weighted over the k = 2.0-13.0 Å -1 range (Au L 3 ) or the k = 2.0-14.0 Å -1 (Se K) range and were phase-corrected based on P Fig. 6 Auranofin inhibits growth of Clostridium difficile. C. difficile cultures (NAP1/O27, VPI10463, 630, and ATCC 9689) were grown anaerobically in brain-heart infusion ? cysteine. Auranofin in dimethyl sulfoxide (0.25, 0.5, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.5, 2.0 lM) was added to the growth medium prior to inoculation. Growth was measured as the optical density at 600 nm after 24 h at 37°C. Percent growth (growth yield of inhibited cultures versus control) is plotted at the indicated concentrations of auranofin. The data shown are from at least three independent cultures. Error bars indicate standard deviation Twenty-five micrograms of protein from crude cell extracts were separated by a 12% sodium dodecyl sulfate polyacrylamide gel, and the radioactive bands were visualized using a Phosphoimager. The predicted selenoproteins are indicated by arrows on the basis of the molecular weights of the genes as described previously [17] . The mechanism of C. difficile growth inhibition is not likely due to direct inhibition of glycine or D-proline reductase. Rather, auranofin does not allow the production of these critical selenoenzymes.
Auranofin prevents the uptake of Se by E. coli and C. difficile
The mechanisms of Se uptake in both prokaryotes and eukaryotes are undefined. Thus far we have shown that auranofin forms a complex with HSe -in vitro and auranofin inhibits selenoprotein synthesis in both E. coli and C. difficile. We examined whether the formation of the auranofin-selenide adduct prevents the uptake of Se from the growth medium. Uptake of radiolabeled selenite ( 75 Se) occurs rapidly in mid-logarithmic cultures of both organisms in rich media (BHI) and is easily quantified using a gamma counter. For this study, actively growing cultures were treated with various concentrations of auranofin immediately followed by the addition of 75 Se (2 lCi). The uptake of Se was followed kinetically for a period of 60 min and was found to be essentially linear over this period (data not shown). Using a fixed time point (20 min), we observed a clear inhibition in the amount of radiolabel transported into the cells (Fig. 8) when auranofin was added. This inhibition was also concentration-dependent. For C. difficile, 500 nM auranofin reduced the uptake of 75 Se by approximately 50%. The slight variation in the effect of auranofin on 75 Se uptake between E. coli and C. difficile may be attributed to differences in the cell membranes of these organisms (E. coli is Gram-negative whereas C. difficile is Gram-positive).
Auranofin forms a complex with Se in C. difficile growth media Media supernatants from the uptake study with C. difficile were fractionated by HPLC as described for the analysis of the mixtures of auranofin and selenide earlier. In media treated with DMSO alone (vehicle control) a small peak of radioactivity was observed at the beginning of the trace, with no other distinguishable peaks (Fig. 9a) . In contrast, media treated with 10 lM auranofin exhibited a clearly defined peak of 75 Se at approximately 22 min (Fig. 9b ). These data indicate that the earlier-identified auranofin-Se complex is formed in the growth media, preventing uptake and nutritional utilization of Se by C. difficile.
Se supplementation prevents auranofin-dependent growth inhibition
Clostridium difficile expresses at least three major selenoproteins that could be directly inhibited by auranofin (glycine reductase, D-proline reductase, and SPS). If the formation of the auranofin-selenide adduct is indeed blocking the metabolic use of Se in bacterial cultures, then supplementation would alleviate this inhibition. Conversely, if auranofin is directly inhibiting one or more selenoproteins, then supplementation would be unlikely to affect the action of the drug. Thus, we evaluated the impact of Se supplementation on growth of the NAP1/O27 strain in the presence of inhibitory concentrations of auranofin.
The addition of 5 lM sodium selenite to the growth medium significantly reduces the impact of auranofin on C. difficile, with lower concentrations of selenite also exhibiting a protective effect (Fig. 10a) . Selenocysteine was not as potent, but the addition of 5 lM selenocysteine to the growth medium was also protective (Fig. 10b) . This disparity may be due to differences in the ability of the Se was analyzed using a model 1470 gamma counter (PerkinElmer, Wellesley, ME, USA) and is reported as counts per minute. The data shown are from at least three independent cultures. Error bars indicate standard deviation organism to utilize Se from selenite versus selenocysteine. It should be noted that supplementation of BHI with selenite or selenocysteine did not significantly increase growth yield alone.
Discussion
Recently, targeting selenoproteins has become an interesting avenue for the development of anticancer therapies [45, 46] . These strategies provide a new angle to combating an immensely complex human health problem. In addition to their role in mammalian cells, selenoproteins are necessary for the growth of several significant human pathogens. It is becoming clear that the potential of selenoenzyme inhibition and interruption of selenoprotein synthesis as a means for antimicrobial development cannot be overlooked. The unique enzymatic characteristics of selenoproteins and their complex assembly machinery provide several prospective antimicrobial targets.
Clostridium difficile continues to be a major cause of hospital acquired infection that warrants further attention. With the mortality rates from C. difficile increasing by 35% per year from 1999 to 2004 [47] , and an increasingly poor response to metronidazole, the preferred treatment for C. difficile associated diarrhea [48] , new tactics for combating this disease must be developed. In this study we capitalized on the unique reliance of C. difficile on selenoenzymes for energy metabolism. We demonstrated that auranofin diminishes the growth of C. difficile at nanomolar concentrations.
On the basis of the data that we have gathered so far, we cannot eliminate the possibility that auranofin may directly Fig. 9 Auranofin forms a complex with radiolabeled Se in C. difficile growth medium. Growth media from the uptake experiments (0 and 10 lM auranofin, a, b, respectively) were separated by high performance liquid chromatography as described for the analysis of the mixtures of auranofin and HSe -. Fractions were collected every minute and analyzed using the gamma counter inhibit one or more of the selenoenzymes in C. difficile. Preliminary experiments did not indicate that D-proline reductase was inhibited by auranofin (data not shown), but C. difficile expresses at least two other selenoproteins, glycine reductase and SPS. The observed effect of Se supplementation on auranofin toxicity may be due to relief of enzyme inhibition through competitive binding to free HSe -. Figures 9 and 10 , however, clearly show a reduction in the incorporation of radiolabeled Se into selenoproteins with the addition of auranofin to the growth medium. In this context it appears that potential direct inhibition of glycine reductase, or D-proline reductase, is irrelevant.
Previous studies suggest that Au(I)-containing compounds, such as auranofin, inhibit selenoenzymes by binding to the reduced selenocysteine at the active site. Although there is substantial amount of literature examining the chemical interactions between Au and Se, little research has focused on the biological implications. The alteration of mammalian Se metabolism by Au(I)-containing drugs has been demonstrated, suggesting that covalent reactions between Au(I) and the nucleophilic metabolites of Se could limit the nutritional availability of Se for the production of selenoproteins [49] . In this report we have clearly shown that auranofin reacts with HSe -in vitro to form a stable complex. This is consistent with other chemical studies utilizing organic selenolate compounds to demonstrate similar Au-Se interactions [50] . If auranofin reacts with HSe -in vivo then the pool of available Se for selenoprotein synthesis would be reduced. We have shown that this complex occurs in bacterial culture to prevent the uptake and nutritional utilization of Se by both E. coli and C. difficile. The implications of these results for mammalian systems must be studied further.
Recently there have been several studies that have demonstrated the activity of auranofin against significant eukaryotic human pathogens [5, 6] . They examined inhibition of selenoenzymes in these organisms, but did not consider the possibility that auranofin could inhibit overall selenoprotein synthesis. In light of our results, this warrants further examination.
The mechanisms of Se transport and reduction to HSe -remain enigmatic. Our results provide some insight into the metabolism of Se upstream of SPS, suggesting that the reduction of selenite to HSe -occurs before it is taken up by the bacterial cell. In addition to its potential implications for human health, auranofin may be used as a tool to study Se metabolism. We can take advantage of the ability of auranofin to form a complex with HSe -to further elucidate prokaryotic Se metabolism upstream of SPS.
Finally, given that auranofin appears to block the metabolic use of an essential nutrient, rather than acting upon a single enzyme, the development of resistant strains is improbable. Studies are under way to determine whether strains can be isolated that are resistant to auranofin. Given its importance in energy metabolism, and the fact that multiple enzymes require Se, resistance is unlikely to occur by point mutation.
